Finite difference equations describing salt and water movement in a model of the mammalian kidney have been solved numerically by an extension of the NewtonRaphson method used for the medullary counterflow system. In a previous paper (1) we formulated finite difference equations for solute and water movement in the medullary counterflow system of the mammalian kidney and described a modified Newton-Raphson method for solving these equations. In this paper we describe the extension of this method to give both steady-state and transient solutions for difference equations describing water and solute movement in a model of the whole kidney. THE MODEL The model is illustrated in Fig. 1 
vein, and pelvis; protein and other solute concentrations in arterial blood; and phenomenological e uations describing transport of solute and water across neron and capillary walls. With the model it has been possible to compute concentrations, flows, and hydrostatic pressures in the various nephron segments and in cortical and medullary capillaries and interstitium. In a general way, calculations on the model have met intuitive expectations. In addition, they have reemphasized the critical dependence of renal function on the hydraulic and solute permeabilities of glomerular, postglomerular, and medullary capillaries. These studies provide additional support for our thesis that the functional unit of the kidney is not the single nephron, but a nephrovascular unit consisting of a group of nephrons and their tightly coupled vasculature.
In a previous paper (1) we formulated finite difference equations for solute and water movement in the medullary counterflow system of the mammalian kidney and described a modified Newton-Raphson method for solving these equations. In this paper we describe the extension of this method to give both steady-state and transient solutions for difference equations describing water and solute movement in a model of the whole kidney. THE 
MODEL
The model is illustrated in Fig. 1 [6] where as is J= A + BFi, [8] or Ji=a + AP, [9] where A, B, a and are arbitrary constants. Eqs. 7, 8, and 9 are not intended as a substitute for a detailed model of proximal tubule transport. In the development of the model they serve a "dummy" role for which a more sophisticated model of tubule solute and water transport can eventually be substituted.
It will be noted that implicit in the above equations is the assumption that at a given position along a capillary or tubule transmural solute and volume exchange are radially symmetric.
The equations for the cortical interstitium are XVICIk)dat 2iWi f'Jik(x)dx [10] and vI / It = Y2iwi fJi, (x) dx,
where VI is the volume of the cortical interstitium, clk is the interstitial concentration of the kth solute, w1 a weighting factor for the ith tube (w, = 0 for tubes that do not exchange with the interstitium).
For Bowman's space we have the equations YXVBCBk) /a = JG(X)dx JBk-CBkFpV (0), [12] and aVB/ at = J(X)dxx JB-FPU (O), [13] where [18] where N is the number of segments into which the ith flow tube is divided, and the superscript n refers to the nth time step. Thus, if we designate the vector of concentrations and pressures for the nth time step as yan, and the system of equations by ), we seek a solution 'ny, of the system of equations ( n fyf ) = 0, [19] where -yn-is known either as a set of initial values or from a previous time iteration. In where G is the Jacobian matrix 0)/a3y, evaluated at -fe.
In 
Keller for two point boundary value problems (3).
In practice, solutions are built up from known solutions either by following the transient response after variation of a boundary condition or parameter, or by computing a new steady state solution vector directly after a small change in a boundary condition or parameter. Both methods were used in calculating the results that follow.
RESULTS
Representative values of flow, concentration, and pressure are shown in Table 1 , for the normalized parameter values given in Table 2 . The parameters were adjusted so that filtration pressure equilibrium was attained in the efferent outflow of the glomerular capillaries, the filtration fraction was approximately one third, the tubular flow/plasma (TF/P) osmolality was about 4 in the final urine, and the hydrostatic pressure in cortical and medullary interstitium was everywhere less than that in tubules and capillaries. In these calculations fractional proximal tubule (PT) reabsorption was fixed at 0.5 and PT reabsorbate was assumed to be isotonic. Water reabsorption from distal nephron makes cortical interstitium, postglomerular (PG) capillaries, and ascending vasa recta (which are allowed to exchange with both medullary and cortical interstitium) slightly hypotonic. This is an obviously correct result, which to-our knowledge has never been considered in cortical function. Since the hypoto- nicity corresponds to an osmotic force of 3 to 6 meq across PT wall, it is clearly of some functional significance. Fig. 2 shows the effect of varying fractional reabsorption in the proximal tubule while other parameters are held constant. As can be seen, increasing PT reabsorption increased glomerular plasma flow very slightly, glomerular filtration rate somewhat more, and decreased urine flow and increased urine concentration. The effect on urine concentration and flow increases very markedly as PT reabsorption rises above 0.5.
In Fig. 3 is shown the effect on interstitial hydrostatic pressure of increasing fractional PT reabsorption. As one might expect, the cortical interstitial pressure increases. This reflects the fact that an increased volume of fluid is being pumped from PT into cortical interstitium whose volume is fixed. The hydrostatic pressure must increase until the net driving force is sufficient to move an exactly balancing volume of water per unit time into the PG capillaries. In short, the interstitial hydrostatic pressure adjusts so as to maintain fluid balance. The same phenomenon is observed in the medulla. Here, because of the increased corticomedullary concentration gradient, the volume flux of water into the outer medullary interstitium from descending Henle's limb (DHL) and collecting duct (CD) increases as PT reabsorption increases, but the volume flux into the inner medulla decreases.
In Fig. 4 we examine the effects of varying the ascending Henle's limb (AHL) solute source. As net solute transport out of AHL increases, GFR increases slightly, reflecting a de- crease in hydrostatic pressure in Bowman's capsule. Concentration and volume of urine flow vary as expected although the change is less than if PT delivery to DHL is fixed as it is in models of the medulla alone. Fig. 5 shows the effects on interstitial pressures of varying net solute transport out of AHL. As might be expected, as the AHL source increases, the medullary pressure increases at both corticomedullary junction and papilla. The cortical pressure rises slightly, reflecting slightly greater net uptake of fluid by PG capillaries.
The effects of varying arterial pressure are illustrated in Fig. 6 . As must happen in the totally unregulated kidney, glomerular plasma flow and glomerular filtration rate both increase sharply. So does urine flow. Concentration drops because the fixed AHL source is overwhelmed and fractional reabsorption falls. Fig. 7 demonstrates the effects of concurrently varying the hydraulic permeabilities of PG capillaries and of the vasa recta. As would be anticipated, the driving force required to move water increases as the hydraulic permeability hk decreases. Hence, the interstitial pressure increases.
For h0 less than some critical value, interstitial pressure rises above both capillary and tubular pressures and a compliant rather than a rigid system would shut down in the absence of some compensatory mechanism.
As was pointed out above, the methods used to obtain steady-state solutions extend readily to time-dependent equations for the model and permit us to study its transient behavior. Fig. 8 Following glomerular filtration the bulk of the filtered fluid is returned to the systemic circulation by osmotic extraction secondary to active NaCl transport. In its return to the systemic circulation this fluid must traverse two membrane systems. The first is that separating tubular lumen from interstitial space; the second is that separating interstitium from capillary lumen.
The forces moving fluid across the tubular membranes are a combination of osmotic and hydrostatic pressures, with the osmotic forces certainly playing the predominant role. The forces moving the fluid across capillary walls are a combination of hydrostatic and oncotic. In our view, the reflection coefficient for small solutes approaches zero for the capillaries, and solute transport across capillary walls is primarily by solvent drag.
In the steady state the primary consideration is that fluid and solutes entering the interstitium from the nephrons exactly equal fluid and solutes leaving the interstitium and entering the capillaries. In our model this balance is attained primarily by adjustment of the interstitial hydrostatic pressure to give the required driving force across the capillary walls. The magnitude of this required force varies inversely with the hydraulic permeability-area product of the capillaries. In the limit, as this product goes to infinity, the required force goes to zero and the sum of interstitial hydrostatic and oncotic pressures will approach that in the capillaries. Virtually, capillaries and interstitium have been merged into a single functional space. We called this space the "central core" in the medullary models and will extend the terminology to the whole kidney.
In the limit, transport of water and solutes from the nephrons to the central core depends only on the transport parameters of the nephrons, but the closeness of approach to this limit is critically dependent on the permeabilities of the postglomerular capillaries and vasa recta. Unless these exceed some minimum value the kidney could not function at all.
In kidney function the tubular and core space play a complementary role in which any decrement of volume flow in the tubular space must be balanced by an increment of volume flow in the core space. It is via the core that many of the intricate feedback and coupling mechanisms of the kidney operate. Thus, it is by core coupling that solute transport out of AHL drives water transport out of DHL and CD. It is also via the core that urea transport out of CD can drive salt transport out of AHL (4-6). In the whole kidney model it is clear that transport out of distal nephron affects the osmolality of the cortical core and consequently transport out of PT.
There are numerous directions in which this model of the whole kidney can be extended, but even in its present skeletal form it has given us considerable insight into the details of the coupled behavior of cortex and medulla and of the intricate fluid circuit of the whole kidney, and has given a synthesis of the transport characteristics of nephrovascular components into over-all function.
